Two commercially available solid phase microextraction (SPME) fibers, polyacrylate and carboxen/polydimethylsiloxane (PDMS), were evaluated for their ability to extract hydrophilic compounds from drinking water. Conditions, such as desorption time, desorption temperature, sample temperature, sample stirring, methanol concentration in the sample, and ionic strength of the sample, were optimized for 12 hydrophilic compounds (e.g., amines and alcohols) with both fibers. Accuracy, precision, and method detection limits (MDLs) were determined for the target analytes with both fibers. In general, both fibers exhibited excellent accuracy and precision in the range of 91±110% and 1.0±13%, respectively. The carboxen/PDMS fiber extracted these hydrophilic compounds from water with 10 to 100 times lower MDLs (0.10 to 15 g/l) than the polyacrylate fiber (1.5 to 80 g/l). The MDLs of the carboxen/PDMS fiber demonstrate that SPME is a feasible approach for extracting hydrophilic compounds from drinking water.
Introduction
The U.S. Environmental Protection Agency (EPA) has, over the years, developed many methods aimed at extracting organic compounds from drinking water. Recently, the Office of Research and Development of the EPA has designated research aimed at the identification, quantification, and occurrence of disinfection by-products (DBPs) in drinking water as one of six high priority research areas. Public water supplies are treated with a variety of chemicals aimed at reducing or eliminating infectious diseases. Chlorine is the most common disinfectant used to combat waterborne microbial diseases; however, the use of ozone, chlorine dioxide, and chloramine as disinfectants is on the rise. While reducing the microbial risk, the use of these disinfectants may pose potential health risks due to DBPs formed during the water treatment process. The most common analytical techniques employed by the EPA to characterize organic compounds in water are purge and trap analysis and liquid±liquid or liquid±solid extraction followed by gas chromatography (GC) or gas chromatography/ mass spectrometry (GC/MS) analysis. These techniques are suitable for detecting purgeables and the less water-soluble, semivolatile organic compounds in water.
A variety of purgeable or semivolatile DBPs have been identified in drinking water. For example, chlorine reacts readily with humic substances from decaying animal and vegetable matter and produces a variety of well-studied halogenated DPBs (e.g., trihalomethanes, haloacetic acids and haloacetonitriles) (Christman et al., 1983; Coleman et al., 1984) . Similar known DBPs are formed during chloramination, although at lower concentrations than chlorination, as well as possibly forming nitrogen-containing compounds such as cyanogen chloride and N-organochloramines (Kanniganti et al., 1992) . Ozone is one of the most effective oxidants and disinfectants used in water treatment systems; however, no residual remains in the distribution system after ozonation. Therefore, ozone must be used in conjunction with a persistent secondary disinfectant, such as chlorine or monochloramine. DBPs produced by ozonation alone are primarily oxygen-containing compounds, such as aldehydes (Glaze et al., 1989; Coleman et al., 1992) and acids (Xie and Reckhow, 1992 ) . No halogenated DBPs have been identified at significant concentrations, except for chlorite, from water disinfected with chlorine dioxide. However, chlorine dioxide does react with natural organic matter to produce oxidation by-products that are similar to those produced by ozonation, such as aldehydes and acids (Richardson et al., 1994) .
DBPs formed during the disinfection of drinking water could have an adverse effect on the public health. Before data on health effects can be gathered, the types of DBPs formed must be characterized, with special emphasis on the hydrophilic DBPs. The hydrophilic fraction of water typically does not purge from the sample or breaks through currently available solid-phase adsorbents. Advances in extraction techniques may allow for extraction of hydrophilic organic compounds from water with practical detection limits (MDLs); however, relatively little research has been done in the area of hydrophilic compounds in drinking water.
Solid phase microextraction (SPME) is one analytical technique which is being investigated as a possible tool to extract hydrophilic compounds from drinking water. SPME is a relatively new commercially available extraction tool consisting of a length of fused silica fiber coated with various stationary phases (e.g., polyacrylate, polydimethylsiloxane [PDMS], or carbon). The fiber is attached to a stainless steel plunger in a protective holder. The fiber is exposed to the water sample or the headspace for a specified time, then retracted into the needle and inserted into a GC injection port. The fiber is then exposed in the injection port and the analytes are thermally desorbed from the fiber onto a GC column. SPME is an attractive alternative to conventional liquid±liquid or liquid±solid extractions because no solvents are needed in a SPME analysis and minimal sample preparation is involved. SPME has been used in many applications of hydrophobic compounds producing precise and sensitive results, such as aromatic compounds and polyaromatic hydrocarbons in water (Zhang and Pawliszyn, 1993; Wittkamp et al., 1997) and wastewater (Poerschmann et al., 1997) . The application of SPME to more hydrophilic compounds has not been as well-studied. Hydrophilic compounds, such as ethanol and acetone, have been extracted from human breath with detection limits from 0.1 to 1.0 g/l (Grote and Pawliszyn, 1997) . Polar compounds, such as phenols, have been analyzed by SPME with detection limits at the sub parts-per-billion level (Buchholz and Pawliszyn, 1994) . This paper will describe accuracy, precision, and MDLs for polyacrylate and carboxen/PDMS SPME fibers optimized to extract a model set of hydrophilic compounds from water. Since the hydrophilic fraction of disinfected drinking water is relatively unidentified, a model set of difficult-toextract compounds was chosen to determine the feasibility of the SPME technique for these types of compounds. The model set of compounds shown in Table 1 are primarily hydrophilic, difficult-to-extract compounds, except for 1,1-dichloroacetone, chloroacetonitrile, butanal, and benzaldehyde which are known DBPs with available extraction methods. In addition, traditional methods developed for butanal and benzaldehyde require derivatization, whereas SPME requires no derivatization or solvents. If the SPME fibers evaluated can extract these model hydrophilic compounds at low micrograms per liter levels, then these fibers can potentially extract previously unidentified hydrophilic DBPs from drinking water.
Methods

Equipment
All data were acquired on a Varian (Sugar Land, TX) Saturn IV ion trap mass spectrometer equipped with a Varian 3400 Gas Chromatograph. Analytes were chromatographically separated on a 30-m capillary column (DB 1701, J&W Scientific; Folsom, CA), 0.25 mm i.d., 1.0 m film thickness. The helium carrier gas flow was adjusted to give a linear velocity of 30 cm/s (at 1008C) and all SPME injections were performed in the splitless injection mode. To prevent coring of the GC injector septum by the fiber needle producing chromatographic silicone peaks, an Alltech (Deerfield, IL) Jade septumless injector valve was installed on the GC. For the polyacrylate fibers, the GC injection port was held at 2758C and the GC column was temperature programmed as follows: 4 min hold at 358C, ramped to 908C at 58C/min, ramped to 1708C at 88C/min, and ramped to 2758C at 258C/min. For the carboxen/PDMS fiber, the GC injection port was held at 3108C and the GC column was temperature-programmed as follows: 4 min hold at 308C, ramped to 908C at 58C/min, ramped to 1708C at 88C/ min, and ramped to 2758C at 258C/min. The ion trap manifold temperature was held at 2008C and the GC transfer line at 2758C. The ion trap mass spectrometer was scanned from 41 to 190 amu in 0.6 s. The SPME fiber assembly and the polyacrylate and carboxen/PDMS fibers were purchased from Supelco (Bellefonte, PA). Clear, 10 ml thin seal SPME crimp vials with PTFE-faced silicone septa were used for sampling. Water samples were heated with a Sybron|Ther-molyne Dri-Bath Incubator. SPME To each 4.0 ml reagent water sample fortified with the target analytes, 0.8 g of sodium sulfate (ACS grade; Fisher) was added to reduce analyte solubility. The fiber was exposed to the headspace for 30 min, then retracted into the needle and inserted into the GC injection port. The fiber was then exposed in the injection port and the analytes were thermally desorbed from the fiber onto the GC column. The desorption time in the injector was 4 min for the polyacrylate fiber and 2 min for the carboxen/PDMS fiber. Between analyses, the fiber was retracted into the needle and the needle was sealed with a silicone septum. This reduced the potential for air contaminants to be adsorbed onto the fiber. In the case of tap water samples, 0.8 g of sodium sulfate was added to each 4.0 ml sample and dechlorinated with sodium sulfite or ascorbic acid. In order to determine the concentration of the DBPs at the time of sample collection, dechlorination of tap water samples is necessary to prevent the continued formation of DBPs during storage due to the residual chlorine. To obtain tap water accuracy and precision for all the model compounds, two separate analyses had to be performed for each fiber due to the target analytes being acids, bases, and neutrals. The acids and neutrals were analyzed by dechlorinating the tap water with ascorbic acid, which reduced the pH to 4, and fortifying with the analyte mixture. The bases were analyzed by dechlorinating the tap water with sodium sulfite, fortifying with the analyte mixture, and adjusting the pH to 10 with ammonium hydroxide.
Standards and Reagents
The compounds selected for study are shown in Table 1 along with GC retention times, spiking solution concentration, and supplier. Individual stock standards of each target analyte were prepared at 5 g/l in methanol (purge and trap grade; Sigma-Aldrich). Two spiking solutions (see Table 1 ) containing the target analytes were prepared in methanol such that the individual analytes, when added to reagent water, gave rise to similar mass spectral peak areas for each fiber. As a result, the individual analyte concentrations span a wide range of concentrations for each fiber. For the polyacrylate fiber, five 4 ml aliquots of salted reagent water were spiked with 10, 20, 40, 80, and 160 l of the spiking solution (concentrations in Table 1 ) to generate a five-point calibration curve. For the carboxen fiber, five calibration standards were prepared with 100, 200, 400, 800, and 1600 l of the stock spiking solution (concentrations in Table 1 ) diluted to 2 ml each with methanol. Five microliters of the five calibration standards were then spiked into five 4 ml aliquots of salted reagent water to generate a five-point calibration curve. Reagent water was used from a four-stage Milli-Q water system (Millipore; Bedford, MA).
Results
Two of the commercially available SPME fibers, polyacrylate and carboxen/PDMS, which have the highest potential for extracting hydrophilic compounds from water, were compared. Before MDLs could be established, certain parameters had to be investigated and optimized for the model set of compounds in Table 1 , such as desorption time, desorption temperature, sample temperature, sample stirring, methanol concentration in the water, and ionic strength of the sample. Each of these SPME parameters was evaluated for the polyacrylate fiber and the carboxen/PDMS fiber. For the model compounds chosen, increasing the exposure time of the fiber (up to 3 h) continued to increase the amount of the analytes absorbed onto the fiber. However, the headspace exposure time was set at 30 min to allow for reasonable detection limits while still permitting a practical analysis time. For many of the analytes, a 30-min fiber exposure time to the sample resulted in a nonequilibrium situation, even under optimum conditions. For the model set of compounds studied, no significant increase in sensitivity was observed when the fiber was immersed in the water sample rather than the headspace. In fact, in the case of the carboxen/PDMS fiber, sampling the water tended to result in chromatographic peak broadening of some of the eluting analytes. Once optimum conditions were established, the accuracy and precision of each fiber in extracting the chosen hydrophilic compounds from reagent water and tap water were determined, as well as the MDLs.
Polyacrylate Fiber Results
The desorption time for the polyacrylate fiber was varied from 2 to 5 min to determine the desorption time necessary to reach 100% desorption of the target analytes from the fiber. No appreciable difference in the desorption of the analytes, as measured by the analyte base peak areas, was observed. A desorption time of 4 min was chosen to ensure that all possible water contaminants are also effectively desorbed from the fiber. In addition, the sample was stirred while sampling the headspace, but no significant increase in sensitivity was observed for these target analytes.
The concentration of the target analytes in the headspace of the sample vial can be increased in most cases by adding salt to the sample. The most common salt used in SPME is sodium chloride; however, this salt cannot be used when analyzing for DBPs due to bromide contamination in the sodium chloride. The bromide contamination produces side reactions which increase the amount of bromide-containing species (Xie, 1995) . Sodium sulfate was chosen as an alternative salt which does not contain bromide, as evidenced by no significant increase in bromoform when saturated sodium sulfate is added to tap water. The sodium sulfate increased the concentration of the target analytes in the headspace, and therefore, the sensitivity by 200±400%.
Another way to increase the concentration of the target analytes in the headspace of the sample vial is to increase the sample temperature. The bar graph of analyte area counts versus sample temperature in Figure 1 illustrates the effect of sample temperature on the ability of the polyacrylate fiber to extract these types of compounds. The largest increase in sensitivity was at 358C with gradual increases or decreases at higher temperatures. Arthur et al. (1992) have observed, in non-equilibrium situations, that temperature will have a dramatic affect on the rate of diffusion through the water and therefore, the amount of analytes absorbed onto the fiber. This explains the initial Figure 1 . Effect of sample temperature on the area counts of the target analytes using the polyacrylate fiber. Concentrations of the target analytes are the same as those listed in Table 2 .
increase in area counts for all of the analytes. For those which continue to increase, even at 558C, equilibrium has not been reached under these conditions. For the analytes which maximize between 358 and 458C, equilibrium has been reached. However, since adsorption is an exothermic process, as the temperature increases, the equilibrium shifts (the distribution constant decreases) and the analytes are released from the fiber (Arthur et al., 1992) . Unfortunately, at temperatures above room temperature, the chromatographic peak shape of N-nitrosodimethylamine broadened significantly. Initially, it was thought that the polyacrylate fiber was adsorbing more water at higher temperatures, leading to poor chromatographic peak shape for this compound due to the chromatographic co-elution of water. However, further experiments involving adjusting the mass spectrometer scan range to include water (18±190 amu) demonstrated that water elutes from the GC column 10 min before N-nitrosodimethylamine. One other possible explanation for this phenomenon could be that N-nitrosodimethylamine migrates further into the polyacrylate fiber at higher temperatures, producing longer desorption times. Additional experiments are necessary to determine the cause of this phenomenon for this compound. To minimize this temperature effect, all further analyses using the polyacrylate fiber were performed at room temperature (228C).
Because the standards are prepared in methanol, followed by the addition of a certain volume of the standard to the water sample, the effect of varying methanol levels in the water sample on the extraction efficiency of the fiber needs to be understood. The bar graph of analyte area counts at varying percentages of methanol (1.5 to 12%) is shown in Figure 2 . Up to 4.5% methanol (or 180 l methanol in 4 ml of water), there is no significant effect of the methanol on the area counts of the target analytes. Above 4.5% methanol, all the target analytes begin to decrease in area counts. This decrease in adsorption with increased methanol Figure 2 . Effect of methanol concentration on the area counts of the target analytes (at 228C) using the polyacrylate fiber. Concentrations of the target analytes are the same as those listed in Table 2. concentration has been observed in the literature (Arthur et al., 1992) and has been attributed to a decrease in the distribution constants of the analytes at higher concentrations of methanol. Consequently, the headspace concentration of the analytes decreases and less is adsorbed onto the fiber. Arthur et al. have described a mathematical model which further explains the effect of methanol on fiber adsorption.
Five-point external calibration curves, spanning more than an order of magnitude, were generated under optimum conditions for the 12 analytes in reagent water and linear regression results yielded correlation coefficients >0.995. Mid-level accuracy and precision results from four replicates of the target analytes in reagent water using the polyacrylate fiber are shown in Table 2 , along with the concentrations of the mid-level calibration point. For these studies, the following conditions were used: 228C sample temperature, 30 min fiber exposure time, and 4 min desorption time. The polyacrylate fiber yielded 94±105% accuracy and 1±9% relative standard deviation (RSD), except for N,N-dimethylformamide. The 24% RSD for N,Ndimethylformamide may be due to a low rate of diffusion through water and/or poor adsorption of the compound onto the polyacrylate fiber. Overall, the polyacrylate fiber demonstrated excellent accuracy and precision for these hydrophilic compounds.
The MDLs of the target analytes, calculated from seven replicates acquired over 2 days, are also shown in Table 2 using the polyacrylate fiber. MDL is defined as the statistically calculated minimum amount that can be measured with 99% confidence that the reported value is greater then zero (Glaser et al., 1981) . Reagent water was fortified with the target analytes at concentrations designed to be less than ten times the calculated MDL. The calculated MDLs range from 1.5 to 80 g/l with the exception of N,Ndimethylformamide which has an estimated MDL of greater than 1 mg/l. While these MDLs are probably lower than what can be achieved with more conventional extraction techniques, our goal is to achieve MDLs <10 g/l for these hydrophilic compounds. The concentration levels of potential hydrophilic DBPs in drinking water are not known, but it is reasonable to assume that many may be below 10 g/l.
To verify the applicability of the polyacrylate fiber to real-world drinking water samples, the accuracy and precision achieved in dechlorinated tap water are demon- Table 2 . Mid-level accuracy and precision of target analytes (n=4) and method detection limit (n=7) in reagent water using the polyacrylate fiber.
Target analytes
True value Average Accuracy RSD MDL Table 3 . In tap water, the polyacrylate fiber yielded 87±113% accuracy and 0.4±10% RSD which are comparable to the precision and accuracy demonstrated in reagent water (Table 2) . Note, however, that analyzing drinking water samples for unknown hydrophilic compounds raises many concerns that are not addressed with target analytes. For instance, the choice of sample collection and preservation techniques can affect the quantity and/or the type of hydrophilic DBPs observed.
Carboxen/PDMS Fiber Results
Preliminary analyses using the carboxen/PDMS fiber resulted in chromatographic tailing of the aromatic compounds. According to the manufacturer, aromatic compounds are trapped in the pores of the carboxen/PDMS fiber, resulting in the observed chromatographic tailing. To minimize this phenomenon, the GC injection port temperature was increased to 3108C and the initial column temperature was lowered to 308C as compared to 2758C (injector) and 358C (column) for the polyacrylate fiber. This allowed for more rapid desorption of the compounds from the fiber and more focusing at the head of the analytical column. The desorption time for the carboxen/PDMS fiber was then varied from 1 to 4 min. The compounds were 95 to 100% released from the fiber with a 2-min desorption time and longer desorption times resulted in chromatographic peak broadening of the aromatic compounds. All further experiments with the carboxen/PDMS fiber used a 2-min desorption time. As with the polyacrylate fiber, the sample was stirred while sampling the headspace, but again no significant increase in sensitivity was observed for these target analytes. Similar to the polyacrylate results, adding sodium sulfate to the water samples increased the sensitivity of the target analytes using the carboxen/PDMS fiber by 150± 400%. Figure 3 . Effect of sample temperature on the area counts of the target analytes using the carboxen/PDMS fiber. Concentrations of the target analytes are five times higher than those listed in Table 5 , except for aniline at 10 g/l and phenol at 2.5 g/l.
The bar graph of analyte area counts versus sample temperature in Figure 3 illustrates the effect of sample temperature on the ability of the carboxen/PDMS fiber to extract these types of compounds. Half of the compounds are still increasing in area counts at 658C, while the other half optimize at lower temperatures. The effect of temperature in non-equilibrium situations observed by Arthur et al. (1992) is more apparent with the carboxen/ PDMS fiber than the polyacrylate. For those analytes in Figure 3 which continue to increase even at 658C, equilibrium has not been achieved under these conditions. For the analytes which maximize between 458 and 558C, equilibrium has been reached and the decrease in fiber adsorption of these analytes at higher temperatures, due to the decrease in the distribution constant, is more striking. Unlike the polyacrylate fiber sample temperature results, the chromatographic peak shape of N-nitrosodimethylamine was not adversely affected by heating the sample when using the carboxen/PDMS fiber. A sample temperature of 508C was chosen for all further experiments to benefit from the increase in sensitivity from the higher temperature, but still minimize loss of some of the target analytes.
As with the polyacrylate fiber, the effect of methanol levels in the water samples on the extraction of the analytes by the carboxen/PDMS fiber was studied. The bar graph of analyte area counts at varying percentages of methanol (0.37% to 4.12%) is shown in Figure 4 . The effect of increasing methanol levels in the water sample had a much more dramatic affect on the headspace extraction of the analytes using the carboxen/PDMS fiber than similar experiments using the polyacrylate fiber. For the majority of the analytes, the analyte area counts decreased as more Figure 4 . Effect of methanol concentration on the area counts of the target analytes (at 508C) using the carboxen/PDMS fiber. Concentrations of the target analytes are the same as those listed in Table 5 .
methanol was added to the water sample, even at 0.63% methanol (or 25 l methanol in 4 ml of water). Although, as indicated previously, the distribution constant decreases with increasing methanol concentration, the carboxen/ PDMS fiber appears to be much less tolerant of methanol added to the sample than the polyacrylate fiber. In the course of this study, it was observed that the carboxen/PDMS fiber was much more sensitive to alcohols than the polyacrylate fiber. This affinity for alcohols suggests that the high concentration of methanol (relative to the analytes) may reduce the capacity of the carboxen/PDMS fiber for the target analytes. In order to minimize the effect of methanol on the adsorption of the analytes, all further carboxen/ PDMS fiber studies kept the methanol concentration at 0.25% (or 10 l methanol in 4 ml of water).
Five-point external calibration curves, spanning more than an order of magnitude, were generated for the 11 analytes and linear regression results yielded correlation coefficients >0.995. Mid-level accuracy and precision results from four replicates of the target analytes in reagent water using the carboxen/PDMS fiber are shown in Table 4 , along with the concentrations of the mid-level calibration point. For these studies, the following conditions were used: 508C sample temperature, 30 min fiber exposure time, and 2 min desorption time. The carboxen/PDMS fiber yielded 91± 110% accuracy and 2±13% RSD. Similar to the polyacrylate fiber, the carboxen/PDMS fiber demonstrated excellent accuracy and precision for these hydrophilic compounds. Benzaldehyde has been omitted from these results, as well as further experiments, because calibration curves for benzaldehyde were not always linear due to inconsistent background levels of benzaldehyde. This benzaldehyde background was not observed with the polyacrylate fiber because the calibration curves for the polyacrylate fiber were acquired at higher concentrations due to the higher detection limit.
The MDLs of the target analytes, calculated from seven replicates acquired over 2 days, are also shown in Table 4 using the carboxen/PDMS fiber. The calculated MDLs range from 0.1 to 15 g/l which are considerably lower than the calculated MDLs for the polyacrylate fiber. Heating the sample would have lowered the MDLs for the polyacrylate fiber by two to four times; however, the carboxen/PDMS Table 4 . Mid-level accuracy and precision of target analytes (n=4) and method detection limit (n=7) in reagent water using the carboxen/PDMS fiber.
Target analytes
True value Average Accuracy RSD MDL fiber MDLs are generally 10 to 100 times lower than the polyacrylate fiber MDLs. These MDLs suggest that the carboxen/PDMS fiber is the more attractive fiber for use in characterizing the hydrophilic fraction of drinking water.
To verify the applicability of the carboxen/PDMS fiber to real-world drinking water samples, the recovery and precision achieved in dechlorinated tap water are demonstrated in Table 5 . In tap water, the carboxen/PDMS fiber yielded 86±107% accuracy and 0.7±21% RSD, except for phenol whose accuracy (48%) is poor. No explanation for phenol's poor accuracy in tap water with this fiber was discovered during the course of these experiments.
One disadvantage of these two SPME fibers is illustrated in Figure 5 . Contaminants from the fibers (e.g., the glue used in preparation) yield chromatographic peaks which could potentially interfere in the analyses of unknowns. The carboxen/PDMS fiber gives rise to more contaminants peaks than the polyacrylate, although the majority of the carboxen/PDMS contaminants peaks are easily identifiable as silicone peaks with a predominate 73 + ion in the mass spectra. In addition, there are chromatographic peaks which are due to the reagent water, as well as to the methanol used in preparing standards. Care must be exercised when using these two fibers to analyze for unknowns to ensure that the peak of interest is not also in the blank.
Conclusions
The application of SPME to the analysis of hydrophilic DBPs in drinking water shows promise. The polyacrylate and carboxen/PDMS fibers exhibit excellent accuracy and precision for the set of model hydrophilic compounds studied. The carboxen/PDMS fiber, in particular, is a promising tool for extracting unknown hydrophilic DBPs from drinking water due to the low detection limits achieved. So far in this project, SPME has only been tested for its ability to extract a set of known hydrophilic compounds from fortified water. The next step is to determine if SPME can extract previously unidentified hydrophilic DBPs from water by analyzing model solutions of humic material reacted with various disinfectants. These model solutions will contain high levels of DBPs making detection and identification of the DBPs easier. In addition, if DBPs which have a potential adverse effect on the public health are identified, then SPME could be pursued as a practical analytical method for obtaining occurrence information. Figure 5 . Total ion chromatograms obtained under optimum conditions using (a) the polyacrylate fiber at target analyte concentrations listed in Table 2 and (b) the carboxen/PDMS fiber at target analyte concentrations listed in Table 5 . The asterisks denote contaminants due to the fibers.
